ABSTRACT: Predation by herring gulls Larus argentatus and oystercatchers Haematopus ostralegus was evaluated on a newly established mussel A4ytilus edulis bed on tidal flats of the German Wadden Sea. The mussel bed covered an area of 2 ha and showed a decrease in biomass of 40 % in the most densely covered parts from August to January. Synchronously, the extent of the mussel bed was reduced, resulting in a decrease of average biomass of 98 % over the whole mussel bed. From the beginning of August 1994 to mid January 1995, the average size of mussels increased from 10.7 to 20.3 ram. The P/B-ratio was 0.68 in August and 0.18 between September and November. Herring gulls and oystercatchers were the most important mussel predators. On average, 266 herring gulls and 63 oystercatchers were present on the mussel bed during one low tide; 34 % of the herring gulls and 78 % of the oystercatchers were observed to be feeding. Herring gulls fed at a rate of 4.2 mussels per minute and oystercatchers at a rate of 1.3 mussels per minute. While herring gulls took the most common mussel sizes (mean: 20 mm), oystercatchers searched for the largest mussels available (mean: 25 ram). Herring gulls consumed 13 mussels/m 2 (0.3g AFDW) during one day and oystercatchers 1.7 mussels/m ~ (0.1 g AFDW). Predation by birds was compensated by 33 % of the production. The proportion removed by bird predation amounted to 10 % of abundance and to 16 % of biomass (including production). Oystercatchers were responsible for 1% of the reduction in abundance and for 3 % of biomass. Removal was highest in the most common size classes of mussels, mainly caused by herring gulls. However, the highest proportion of mussels was eaten in the largest size classes, mainly by oystercatchers.
INTRODUCTION
The epibenthic blue mussels Mytilus edulis are consumed by several bird species, the main mussel eaters being eiders Somateria mollissima, oystercatchers Haematopus ostralegus and herring gulls Larus argentatus. Predation effects on mussel beds by these species have been studied on the tidal flats of the North Sea and on hard bottoms of the Baltic Sea (Milne & Dunnet, 1972; Baird & Milne, 1981; Kautsky, 1981; Zwarts & Drent, 1981; Worral and Widdows, 1984; Craeymeersch et al., 1986; Raffaelli et al., 1990; Egerrup & Hoegh Laursen, 1992; Faldborg et al., 1994; Nehls et al., 1995; Hilgerloh, 1997) . The strongest effect, with regard to the higher food consumption per day, was observed in eiders (Milne & Dunnet, 1972; Craeymeersch et al., 1986; Nehls et al., 1995) . Till now, no evidence could be found that the annual predation by birds ever exceeded annual production (Baird & Milne, 1981; Egerrup & Hoegh Laursen, 1992; Faldborg et al., 1994; Nehls et al., 1995; Hilgerloh, 1997) . Thus, if predation by birds were the only mussel-reducing factor, the mussel populations would be expected to increase or to remain at the same level. However, other factors, such as predation by crabs Carcinus maenas and by fishes, parasites and physical factors, also contribute to the loss of biomass. In order to know the significance of predation for the development of a mussel population, predation by birds has to be considered in relation to those other factors. Two very different methods of approach have been applied: one study was based on exclosures (Worral & Widdows, 1984) and the other assessed predation effects by birds on tidal flats including several mussel beds (Faldborg et al., 1994; Hilgerloh, 1997) . According to the results, predation by birds could be unimportant or account for more than half of the loss.
Especially the period of the establishment of a new mussel bed seems to be a crucial phase because many of the new beds disappeared after the first winter. Considering the strong loss of abundance caused by birds which may occur on a mussel bed over winter (Zwarts & Drent, 1981; Raffaelli et al., 1990) , it is not certain whether predation by birds plays an important role during the development of newly established mussel beds over the first winter.
This study estimates the influence of predation by herring gulls and oystercatchers on a newly established mussel bed. It investigates whether predation by these bird species has an important influence on the development of the mussel bed in autumn and winter and whether it can provoke a severe decrease therein.
MATERIAL AND METHODS

Investigations on the mussel bed
The study was performed on an intertidal mussel bed on the Neuharlingersieler Nacken (53 ~ 43.25 N, 7 ~ 44 .00 E), which is situated in the German Wadden Sea (North Sea) close to the village Neuharlingersiel in Lower Saxony. A heavy fall of spat had resulted in large parts of the bed being covered by newly-established seed mussels. Mussel coverage on a young bed is more homogenous than on a mature bed. Samples with a surface area of 38.5 cm 2 and a depth of 10 cm were taken in those parts of the seedling beds which were most densely covered by mussels (Hilgerloh & Herlyn, 1996) . The biomass/m 2 was estimated with the equation: B = (P -S 9 S')/10 000 where P is the biomass/m 2 in dense mussel parts of the seedling beds, S the percent of the whole mussel bed covered by seed mussels and S" the coverage (%) of seed areas by mussels. S was measured along one transect which crossed the whole mussel bed. S' was estimated from a 1 • 2 m area divided into five parallel sections of 20 cm width. Gaps in the mussel cover smaller than the diameter of the samples were ignored. Six samples were taken at regular intervals along the transect used to determine S. Samples were taken 4 times over the period August-January.
B i o m a s s d e t e r m i n a t i o n
A n e q u a t i o n relating mussel l e n g t h a n d i n d i v i d u a l b i o m a s s was o b t a i n e d using mussels from an a d j a c e n t bed, w h e r e y o u n g m u s s e l s h a d settled at the s a m e time as on the study site. Dry a n d ash w e i g h t and l e n g t h of individual mussels w e r e d e t e r m i n e d . Mussel l e n g t h was m e a s u r e d by callipers with a precision of 1/100 mm. The flesh of single mussels was d r i e d at 80 ~ for 3 days to c o n s t a n t w e i g h t . Ash c o n t e n t was d e t e r m i n e d after c o m b u s t i o n in a f u r n a c e at 500 ~ for 24 hours and m e a s u r e d to an a c c u r a c y of +1 mg. T h e relation b e t w e e n mussel l e n g t h and b i o m a s s was: g A F D W = 0.0008 9 e {0.1787.b,1) (r 2 = 0.96; p < 0.0001), w h e r e M is the m u s s e l shell length. T h e e q u a t i o n is valid for mussels from 5 to 40 m m length. All w e i g h t a n d individual b i o m a s s data are g i v e n as ashfree dry w e i g h t (AFDW).
D e t e r m i n a t i o n of p r o d u c t i o n
T h e p r o d u c t i o n per m 2 was calculated from c h a n g e s in m e a n individual w e i g h t and m e a n a b u n d a n c e using the following e q u a t i o n (after W i n b e r g , 1971): P = ( w 2 -wl) 9 1/2 (nl + n,)) w h e r e P is the p r o d u c t i o n for a time interval; wl and w~ are the m e a n i n d i v i d u a l w e i g h t s at s a m p l i n g dates 1 and 2; and nl and n 2 are m e a n n u m e r i c a l densities at s a m p l i n g dates 1 and 2. W i n b e r g (1971) m a d e these calculations for single size classes but, in our study, all mussels settled in one single spatfall a n d so b e l o n g e d to one size class. D e t e r m i n a t i o n of m u s s e l loss M u s s e l loss per m ~-was calculated from c h a n g e s in a b u n d a n c e and m e a n individual w e i g h t u s i n g the following e q u a t i o n (after W i n b e r g , 1971): E = (n I -n2) 9 1/2 (wl + w2) where E is the elimination over a time interval, nl and n2 are m e a n numerical densities at sampling dates 1 and 2; and wl and w2 are m e a n individual weights at sampling dates 1 and 2.
Because of the homogeneous age structure of mussels, separation into size classes was again not necessary.
O b s e r v a t i o n s of p r e d a t o r s o n t h e m u s s e l b e d
Counts w e r e m a d e 2-5 days per m o n t h from S e p t e m b e r to N o v e m b e r , on a total of 10 days. F e e d i n g and n o n -f e e d i n g birds w e r e c o u n t e d e v e r y 20 m i n u t e s from the time the m u s s e l b e d first e m e r g e d until it was c o v e r e d . F e e d i n g rate a n d the contribution of mussels to the food intake of individual birds w e r e o b s e r v e d on 2 to 3 days p e r m o n t h from O c t o b e r to D e c e m b e r (Martin & Bateson, 1986) : only observations l o n g e r t h a n one m i n u t e w e r e used. For h e r r i n g gulls, o b s e r v a t i o n s before a n d after 15th October, called "autumn" and "winter" respectively, were analysed separately because the number of gulls present and the proportion feeding differed so much. Differences were tested by the Mann-Whitney U Wilcoxon test of the SPSS-program (Brosius & Brosius, 1995) .
Determination of size preferences of predators Faecal pellets of herring gulls and mussels opened by hammering oystercatchers were collected on 23rd November 1994. Hinges of mussels were extracted from 20 pellets and their widths were measured. The relationship between mussel length and width of hinge is given in the following equation, based on data from Janssand in 1992: mussel length = 3.885 -19.593 9 width of hinge (r 2 = 0.874, p = 0.0001). The equation is valid for widths of hinge 0.45-2 ram.
Determination of daily food consumption
Daily food consumption was calculated in different ways (Htippop, 1987; Goede, 1993; Hulscher, 1974; Lasiewski & Dawson, 1967) . For a rough estimation of the daily food consumption, we used methods similar to those used by Meire et al. (1994) and Scheiffarth & Nehls (1997) , where costs for thermoregulation in winter were not considered. In this study, the basal metabolic rate of oystercatchers is taken from Kersten & Piersma (1987) :
BMR (watt) = 5.06 -weight (kg) 0"729 that of gulls from Aschoff & Pohl (1970) :
BMR (watt) = 3.56 -weight (kg)0.734 Total daily energy expenditure (DEE) was assumed to amount to three times BMR (Drent et al., 1978~ Kersten & Piersma, 1987 Castro et al., 1992) . For benthic invertebrates a digestibility of Q = 0.85 was used (Kersten & Piersma, 1987; Zwarts & Blomert, 1992) . Accordingly, the daily consumption is:
Weights of herring gulls are known from the breeding period on Mellum (Goethe, 1961) ; for oystercatchers monthly mean weights were available from the Netherlands (Swennen, in Cramp & Simmons, 1977) , so that average daily consumption could be calculated for each month. I g AFDW of Mytilus edulis flesh corresponds to 20.77 kJ (Jansson & Wulff, 1977 and Asmus, pers. comm.) . Average daily consumption of mussels amounted to 51 g AFDW for a herring gull, and varied, according to the month, between 43 and 52 g AFDW and 92 and 183 g AFDW for oystercatchers and elders, respectively.
Predation model
Simple models were used to: (a) determine the daily food consumption by herring gulls and oystercatchers on the mussel bed; {b) determine the area-related consumption of the predators on the mussel bed; (c) determine the influence of predation on the mus-sels. The calculation assumptions were as follows: the mean time of emergence of the mussel bed was taken to be the maximal time available for feeding; the time for which an individual fed on mussels was based on the proportion feeding and on the length of time the mussel bed was exposed. Consumption per low water period was calculated from feeding rate in three ways according to these assumptions: (i) each bird ate only mussels; (ii) all unidentified food items were assumed to be mussels; (iii) consumption was calculated by reducing the total consumption by the percentage of food items which were not mussels. The biomass of the mean mussel size taken by a species was taken as biomass for each mussel. Consumption per 24 h was calculated by extrapolating the daytime results during low tide to the following nocturnal low-tide period, with 1.97 low-tide periods/24 h, as investigations showed the same feeding activity at night as during daytime (Hulscher, 1978; Exo & Scheiffarth, 1994) . Average area-related consumption was based on the mean number of feeding birds during one low-tide period, related to one m 2 of mussel bed. The influence of predation on the mussel bed was based on the four sampling dates and the mean of three consumption rates calculated under the three different assumptions.
The present evaluation of predation demonstrates how predation effects can be evaluated with a minimum of biological data. Predation effects were considered in autumn and winter only, because the newly established mussel bed was not discovered until the end of July and because mussel abundance within the seed areas and the coverage of the whole mussel bed diminished dramatically over half a year.
This evaluation is preliminary, as several assumptions may lead to an over-or underestimation of consumption. The latter is valid in the case of the calculation of the mean biomass of mussels eaten by each of the two species. Predation may be overestimated over the first months, as the preferred mussel size was determined in November. Predation might be underestimated because the average length of consumed mussels was taken as basis for the estimation of the mean biomass of a mussel and because the relation between mussel size and biomass was not linear. Predation may be overestimated, as the larger mussels are more likely to be seen if shells opened by oystercatchers are collected (Speakman, 1990) .
RESULTS
Development of the mussel bed
The mussel bed was established on Neuharlingersieler Nacken in summer 1994 and covered an area of 18 979 m 2. By the end of November, it had reached a height of 45 cm. In the most densely covered parts, abundance as well as biomass decreased by 75 % and 40 %, respectively, between the beginning of August and mid January. But over the whole mussel bed, abundance decreased by 99 % and biomass by 97.6 % over the study period.
Biomass increased in August but decreased over the following months ( Fig. 1 ) as a result of two processes: the growth of individuaI mussels (Fig. 2) and a decrease of abundance (Fig. 3) . Over the whole study period the length of mussels increased from 10.7 + 2.7 mm (n = 945) to 20.3 _+ 3.6 mm (n = 235) (Hilgerloh & Herlyn, 1996) . In August, biomass increased because the decrease in abundance was compensated by growth of individual mussels. From September to November, biomass decreased, because mussels grew less per day compared to August ( Fig. 2) , and at an insufficient rate to compensate for the decreasing a b u n d a n c e (Fig. 3) . In December and January, mussels did not grow, so that a decrease in a b u n d a n c e , and also in biomass, continued (Fig. 1) .
Production was highest in August (Fig. 4) because of the high a b u n d a n c e (Fig. 3 ) and strongest growth of individual mussels (Fig. 2) . The production/biomass ratio (P/B) was 0.76 in the seed beds. For the period of September to November, the P/B ratio was only 0.19. Over the whole mussel bed the P/B ratios, as a whole, were 0.68 and 0.18 respectively.
On average, mussel toss a m o u n t e d to 201.51 mussels/m2/day, or 4.28 g AFDW/m2/ day, A b u n d a n c e was reduced in August by 32 %, by 74 % from S e p t e m b e r to N o v e m b e r a n d by 94 % by January. Biomass and production decreased by 35 % in August, by 80 % from September to November and by 94 % from November to January. During the study period as a whole, total production a m o u n t e d to 296 g AFDW/m 2 and total loss to 33047 mussels or 617 g AFDW/m 2. Over the study period, there was clearly a large net loss of mussel biomass.
N u m b e r a n d f e e d i n g r a t e of b i r d s
The two most significant mussel eaters on this mussel bed at low tide were herring gulls and oystercatchers. On average, 266 herring gulls and 63 oystercatchers were present. Herring gull numbers were more variable compared to those of oystercatchers (Table 1) . On average, 34 % of herring gulls and 78 % of oystercatchers were observed feeding (Table 1) . Extremely high n u m b e r s of herring gulls were present from the second half of October onwards, and the proportion feeding was higher than previously recorded (Table 2) (P < 0.0001).
The proportion of mussels in the diet was 74 % in herring gulls and 69 % in oystercatchers (Table 3) . Oystercatchers fed at a rate of 1.3 to 1.4 food items per m i n u t e while herring gulls fed at a rate of 4.1 to 5 items. On average, mussels were taken by oystercatchers and by herring gulls at the rates of 1.3 and 4.2 per minute, respectively (Table 4 ). M u s s e l sizes p r e f e r r e d b y p r e d a t o r s
The m e a n sizes of mussels eaten by herring gulls and oystercatchers were 19.76 _+ 6.82 m m (n = 1398) and 25.48 +_ 2.66 m m (n = 308), respectively. Herring gulls fed on the most common size classes of mussels on the bed whereas oystercatchers preferred the largest sizes; the corresponding biomass for the m e a n mussel length a m o u n t e d to 0.027 g AFDW for herring gulls and to 0.076 g AFDW for oystercatchers. Daily consumption by a single herring gull was 742 mussels or 20 g A F D W on average, ranging b e t w e e n 15 to 23 g AFDW. Thus, on a v e r a g e 39 % of the daily food req u i r e m e n t was met by consuming mussels. In autumn, a herring gull ate 500 mussels per day, corresponding to 13.5 g AFDW and 26 % of the daily food demand. In winter, 1125 mussels or 30.4 g AFDW w e r e eaten by herring gulls per day, equivalent to 60 % of the daily food demand. Over the study period, an oystercatcher consumed 523 mussels per day, corresponding to 39.7 g AFDW. Thus 83 % of daily food d e m a n d was m e t by consum i n g mussels.
A r e a -r e l a t e d c o n s u m p t i o n of m u s s e l s
Over one low tide period, 5-8 m u s s e l s / m z, corresponding to 0.2-0.4 g AFDW, were eaten by herring gulls over the study period as a whole. In autumn, t h r e e mussels (0.088 g AFDW) and in winter, 31 mussels (0.761 g AFDW) were e a t e n per m 2 and day. Oystercatchers cofisumed 1.7 mussels per m 2 daily, corresponding to 0.129 g AFDW. A v e r a g e b i o m a s s at s a m p l i n g dates, production, total elimination a n d elimination by predation b e t w e e n s a m p l i n g dates Table 1 . A v e r a g e n u m b e r of feeding a n d n o n -f e e d i n g herring gulls a n d oystercatchers on the m u ssel bed d u r i n g one low tide (average of 10 low tides)
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Herring gull
The p e r c e n t a g e of observed loss in mussel a b u n d a n c e attributable to herring gulls and oystercatchers was 2 % in August, 9 % from S e p t e m b e r till November and 30 % in D e c e m b e r and January. Over the whole study period, the loss of a b u n d a n c e due to predation was 10 % (Fig. 3) . The p e r c e n t a g e of the observed loss in mussel biomass attributable to birds was 5 % in August (Fig. 5) , 13 % from S e p t e m b e r till N o v e m b e r and 36 % in D e c e m b e r and January. Over the whole Study period, 16 % of the biomass loss could be explained by predation of herring gull and oystercatcher, and predation was comp e n s a t e d by 33 % of the production.
Loss of a b u n d a n c e in size c l a s s e s of m u s s e l s b y p r e d a t i o n Predation affected the frequency distribution of mussel size classes. Greatest losses occurred in the m e d i u m size classes due to intensive predation by birds from October to December, caused mainly by herring gulls (Fig. 5) . Considering individual size classes, the greatest effect is found in the larger size classes (Fig. 6 ) because of predating oystercatchers. Oystercatchers spent most time on the mussel bed feeding and probably obtained all their daily food requirement from there. In contrast, the percentage of h e r r i n g gulls feeding on the mussel bed was low and their daily food d e m a n d was not m e t by mussels alone. Oystercatchers specialize in feeding on intertidal organisms, while herring gulls are omnivorous and can use other food sources and places. In addition to mussels, they probably consumed energetically rich food over a short period at high tide outside the mussel beds.
On Spiekeroog (Hilger!oh, unpubl.) mussels provided 42 % of the food of herring gulls in summer. This is in accordance with other studies performed over l o n g e r periods in other parts of the W a d d e n Sea (Dernedde, 1993; Ehlert, 1961; Hartwig & S6hl, 1979; Meijering, 1954; Spaans, 1971 ) in which mussels on average contributed to 30 % of the food of these gulls.
The increased n u m b e r of herring g u l l s o n mussel beds in winter c o m p a r e d to other seasons, along with their higher food d e m a n d there, may be related to the loss of other food sources, such as, for example, the discharge from crab fishery, and the growth of mussels to a more profitable size for herring gulls.
Feeding rate
Feeding rates vary according to the size of prey and to other characteristics such as shell thickness (Goss-Custard et al., 1993) . Oystercatchers took mussels at a rate of 1.3 to 1.4 mussels per minute. This rate was much higher than that observed in the study of Zwarts & Drent (1981) , where mussels of comparable size were eaten at a rate of 0.45 mussels per minute. The difference may be explained by higher interference due to higher density of oystercatchers on the sample plots in their study (Zwarts & Drent, 1981) . Feeding rates of herring gulls lay between 4.1 and 5 mussels per minute. There are no comparable data from other areas on the feeding rates of mussels.
Biomass, production and elimination Some authors compare the biomass/m 2 present at the start of a period with the biomass/m 2 subsequently eaten by birds (Kautsky, 1981; Swennen et al., 1989; Nehls, 1989; Egerrup & Hoegh Laursen, 1992; Meire et al., 1994) . However, as mussels may go on growing, production also has to be taken into account. Within our study period of five and a half months, 296 g AFDW/m 2 were produced on the mussel bed. The highest production occurred in August (147 g AFDW/m2; Fig. 5 ). On a mature mussel bed of the German Wadden Sea, the P/B ratio amounted to 0.36 (Asmus, 1987) . On a newly established mussel bed production generally is much higher. However, on the studied mussel bed the P/B ratio amounted to 0.68 and was unusually low for a newly established mussel bed. In this case it can be explained by the extreme loss of abundance and the fact that only autumn and winter were considered. In our study the P/B ratio decreased during the first autumn whereas in Morecambe Bay for example, the production remained at a high level over the first 16 months (Dare, 1976) resulting in a P/B ratio of 1.1 to 3.4 (Asmus, 1987) .
When the production of all mussels over half a year is compared with the biomass eaten by birds, just one third of the production is enough to compensate for the losses caused by the birds. On other mussel beds, the proportion of annual production predated varied between 39 and 83 % for eiders (Milne & Dunnet, 1972~ Nehls et al., 1995 , amounted to 40 % for oystercatchers (Craeymeersch et al., 1986) and varied between 45 % and 90 % when eiders, oystercatchers and herring gulls were predating (Baird & Milne, 1981; Egerrup & Hoegh Laursen, 1992; Faldborg et al., 1994; Nehls et al., 1995) . On the mussel bed of the Neuharlingersieler Nacken, the total loss due to all factors amounted to 617 g AFDW/m 2, of which only 16 % was taken by birds.
The parameter ,, elimination" helps to evaluate the relevance of predation in relation to other elimination factors but it is also -together with the parameters of biomass and production -a measure for characterizing the development of the mussel bed. According to the biomass at the beginning of the study, the production and the elimination later on, it is apparent that elimination exceeded production and that consequently biomass of the mussel bed had to decrease strongly.
The influence of predation on the abundance and biomass of mussels During the study period, 10 % of the loss in abundance was caused by predation, of which 1% was due to oystercatchers and 9 % to herring gulls. A re-evaluation of the results of Zwarts & Drent (1981) shows that the proportion of predation that was due to oystercatchers amounted to 50 % of the total losses over half a year (May to November), if 30 to 50 % were covered by mussels. Winter losses amounted to 40 % of the initial abundance. That study, however, was conducted on a mature mussel bed and only mussels larger than 40 mm were considered. Although the absolute number of mussels removed by birds was higher in our study -though the mussels were smaller -the effect was less because of the very high density of mussels present at the beginning and the strong decrease afterwards. Different feeding bird species were observed in these studies. While many herring gulls and few oystercatchers fed on the newly established mussel bed of the Neuharlingersieler Nacken, no herring gulls feed where mussels are larger, whereas oystercatchers do feed on larger mussels, as revealed by the Dutch study. Comparing the results of both studies, the preliminary conclusion is that, on young and unstable mussel beds predation by birds is not as important as on mature mussel beds.
In contrast to these results, Worral & Widdows (1984) found out that only 16 % of the total annual mussel mortality at Linher river/Plymouth was caused by predating oystercatchers. The highest mortality was due to death at spawning in the bigger mussels. According to a regional study on the tidal flats of Lower Saxony, predation by birds amounted in one year to 9 % and in another year to 15 % of the annual loss of the mussel biomass (Hilgerloh, 1997) . The mussel population was characterized by a high proportion of young mussels, of which most were eliminated in winter by physical factors. In contrast, a regional study in the Danish Wadden Sea showed that potential predation by birds caused 64 % of the annual loss (Faldborg et al., 1994) . But as it was assumed that 100 % of the daily food demand of oystercatchers, herring gulls and eiders is met by mussels, the predation estimates were far too high. In one other study carried out on a young mussel bed (Raffaelli et al., 1990) , it was assumed that eiders accounted for nearly 100 % of the total loss of abundance. The ducks removed 80 % of the abundance during winter. These results contrast with ours at Neuharlingersieler Nacken, where only 16 % of the loss of biomass could be explained by predation by birds, with 3 % of the loss due to oystercatchers. The differences can be explained by differences in the predating species. Eider ducks eat far more than do oystercatchers or herring gulls. Although eiders were important predators of mussels in the tidal flats of Spiekeroog (Hilgerloh, 1996 (Hilgerloh, , 1997 , they were not observed in our study area. We concluded that the influence of predation by herring gulls and oystercatchers on the newly established mussel bed was very small. A much higher loss was probably caused by other factors, such as gales, crabs, heat exhaustion, undernourishment, diseases, freezing and parasites. Crabs Carcinus maenas are important predators on young mussel beds until October. So, as large areas were depleted of mussels at the end of November, we presume that physical factors were the most important cause of mussel loss (Hilgerloh & Herlyn, 1996) , as recorded two years earlier at an adjacent young mussel bed on the Neuharlingersieler Nacken (Flemming & Delafontaine, 1994) .
Loss of abundance by predation within size classes of mussels On this mussel bed herring gulls ate the most common mussel sizes, as their preferred size class corresponded to the available sizes (Hilgerloh, pets. observ.) . Predation by herring gulls flatten the frequency distribution to make it comparable to those of mature mussel beds (Michaelis et al., 1995) . Oystercatchers selected the biggest mussels avail-able. In our study, predation by oystercatchers had no quantitative effect on the size distribution of mussels. However, further growth of the mussels would make them more attractive for oystercatchers, thus attracting more oystercatchers and in this way increasing the chances that they will make a quantitative effect. The search by oystercatchers for the biggest mussels is facilitated by the phenomenon that mussels growing at the border of seedling beds are bigger than the others (Svane & Ompi, 1991) . In general, musselfeeding birds take advantage of spatial variation of growth rates of invertebrates, in order to optimize efficiency of food intake (Wanink & Zwarts, 1993) .
Mussel sizes taken by oystercatchers on the Neuharlingersieler Nacken were at the lower end of the range of their preferred mussel sizes (Drinnan, 1958; Ens, 1982; Durell & Goss-Custard, 1984; Sutherland & Ens, 1987; Cayford & Goss-Custard, 1990 ). Most profitable mussels should have at least a size of 40 mm (Zwarts & Drent, 1981; Ens, 1982; Meire & Ervyinck, 1986) . Oystercatchers change to smaller mussels, if the preferred sizes are not available (Hilgerloh, pers. observ.) . Accordingly, they fed on the biggest mussels available on the Neuharlingersieler Nacken. One can expect that oystercatchers continue to choose the biggest mussels on this mussel bed.
The selection of the biggest mussels, as a consequence for the single mussel, means that the chance of a mussel to be eaten by an oystercatcher will be higher if it grows quicker than average. However, growing quickly has the advantage that the size classes preferred by oystercatchers are outgrown sooner (Gosling, 1992) .
